Reliable predictions of yields of nuclear fragments produced in electromagnetic dissociation and hadronic fragmentation of ion beams are of great practical importance in analyzing beam losses and interactions with the beam environment at the Large Hadron Collider (LHC) at CERN as well as for estimating radiation effects of galactic cosmic rays on the spacecraft crew and electronic equipment. The model for predicting the fragmentation of relativistic heavy ions is briefly described, and then applied to problems of relevance for LHC. The results are based on the FLUKA code, which includes electromagnetic dissociation physics and DPMJET-III as hadronic event generator. We consider the interaction of fully stripped lead ions with nuclei in the energy range from about one hundred MeV to ultrarelativistic energies. The yields of fragments close in the mass and charge to initial ions are calculated. The approach under discussion provides a good overall description of Pb fragmentation data at 30 and 158A GeV as well as recent LHC data for ffiffiffiffiffiffiffi ffi s NN p ¼ 2.76 TeV Pb-Pb interactions. Good agreement with the calculations in the framework of different models is found. This justifies application of the developed simulation technique both at the LHC injection energy of 177A GeV and at its collision energies of 1.38, 1.58, and 2.75A TeV, and gives confidence in the results obtained.
I. INTRODUCTION
The passage of fast heavy ions through a medium involves various phenomena which strongly depend on the energy and charge states of the incident ions. The latest experimental and theoretical achievements in this field of research became subjects of recent reviews [1, 2] . Generally, the phenomena under discussion can be classified into three broad categories: (1) inelastic collisions of ions with target nuclei, (2) inelastic collisions of ions with target electrons, and (3) elastic ion collisions with target atoms.
The advent of the LHC [3] , which will eventually produce lead-lead collisions with the energy of 2750A GeV for each beam, poses many novel challenges to accelerator beam theory. In particular, the interaction of the most energetic ion beams available on Earth with various materials needs to be considered and quantitatively described. In contrast to the proton-proton mode of LHC operation, the fragmentation of projectile ions must be considered in detail. The beam loss and collimation efficiency estimates at the LHC depend directly on predictions of the yields of fragments close in mass and charge to the initial ions [4] [5] [6] . The distribution of magnetic rigidity (about 1%) of the fragments results in their being selectively lost in different places within the collimation insertions. Sufficiently concentrated energy deposition can lead to magnet quenching and the interruption of collider operation. It is therefore important to understand the loss patterns and study means to mitigate the likelihood of quenches.
The present paper is focused on those interactions of fully stripped ultrarelativistic ions which belong to category (1) above. Inelastic interaction of projectiles with target nuclei involving hadronic and electromagnetic forces is considered. The latter become dominant in the ultraperipheral collisions leading to the electromagnetic dissociation (EMD) of nuclei. This reaction channel is under intense study in relation to experiments at the Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC) [7] [8] [9] [10] [11] [12] . We do not discuss in this paper the stopping and energy loss of ultrarelativistic ions in matter but rather concentrate on fragmentation reactions with the aim of describing the yields of fragments close in mass and charge to the projectile nuclei. The contribution from the reactions which fall into categories (2) and (3) can be considered as a small correction to the outcome of the reactions of category (1) ; it is briefly commented on below. Our results can be directly compared to experimental data obtained in heavy-ion fragmentation studies on thin targets. Following these tests, the results on fragment yields and models can in turn be used in macroscopic transport calculations.
The contributions of such processes and characteristics of produced fragments are studied within the framework of the FLUKA code [13, 14] . A brief description of the approach is given in Secs. II and III where relevant physical processes are also discussed. In Sec. IV the validity of the method is verified by comparison with the fragmentation data obtained at CERN Super Proton Synchrotron (SPS) [15] [16] [17] [18] [19] . In Sec. V we present results of calculations of beam fragmentation at the LHC collider at injection energy of 177A GeV and at the energy of the SPS circulating beam of 106.4A GeV used for machine development experiments [20] . We also present results at collision energy of 1.38A TeV corresponding to Pb-Pb interactions at ffiffiffiffiffiffiffi ffi s NN p ¼ 2.76 TeV per colliding nucleon pair and compare them with recent LHC data reported by the ALICE Collaboration [21, 22] . In addition, the results that we obtained at beam energies of 1.58 and 2.75A TeV can serve as predictions for new measurements at the LHC collider.
II. HADRONIC INTERACTIONS IN FLUKA/DPMJET-III
The range of impact parameter, b, in hadronic interactions of nuclei extends from complete overlap of nuclei in central collisions, b ≃ 0, up to grazing interactions in peripheral collisions, b ≃ R 1 þ R 2 . Here R 1 and R 2 denote the nuclear radii. The two-component dual parton model implemented in the DPMJET-III code is used to describe production of nuclear fragments in ion-ion hadronic collisions. DPMJET-III provides a general approach to describe hadron-hadron, hadron-nucleus and nucleus-nucleus collisions at accelerator and cosmic ray energies.
FLUKA [13, 14] is a transport and interaction Monte Carlo code, capable of handling hadronic and electromagnetic showers from thermal neutrons up to the LHC design energy of 14 TeV. FLUKA hadronic interaction models are based, as far as possible, on well tested microscopic models. The models ensure a high level of accuracy and versatility, they preserve correlations within interactions and among the shower components, and they provide predictions where no experimental data is directly available. The hadron-nucleus nuclear interaction model of FLUKA, called PEANUT, is a four step model. At high energies the Gribov-Glauber multiple collision formalism is implemented, and particle production is simulated within the framework of the dual parton model. Secondaries are then followed through the nucleus taking into account the formation zone concept, allowing for reinteractions within the framework of a generalized intranuclear cascade approach. After energetic particles are emitted or reinteract up to the point where all remaining nucleons have energies below a few tens of MeV, an exciton based preequilibrium model is applied until the system is fully thermalized. The residual excitation is then spent in the emission of evaporation particles and deexcitation photons. Depending on the initial projectile energy some of the previous stages can be omitted. For example, for incident energies below 30-50 MeV only the preequilibrium and evaporation stages are performed. A detailed description of the PEANUT model and extensive benchmarking can be found in the literature [23] [24] [25] [26] [27] [28] . The most recent developments of the PEANUT event generator are described in Refs. [25] [26] [27] [28] [29] . The evaporation, fission and fragmentation models, while still based on the approaches described in Refs. [23, 30, 31] , have undergone significant improvements along the years, some of them are of particular relevance for this work: details can be found in Refs. [24, 26, 28, 29] . A further development in the evaporation model has been worked out specifically for this paper. Spin and parity effects are now accounted for at low excitations resulting from photon interactions along the lines of what has been already implemented for light nuclei and described in [28, 29] . The minimum angular momentum, L min , required for the emission of particles from configurations of known spin and parity and populating the allowed levels J π is computed. If the neutron emission is forbidden with L ¼ 0, a suitable centrifugal barrier is computed and added to the reaction Q-value resulting in a lower emission probability. As a practical example of relevance for this paper, photon interactions on 208 Pb in the giant dipole resonance (GDR) region would result in a compound nucleus with angular momentum J π ¼ 1 − . After the emission of a neutron with L ¼ 0, the excited 207 Pb remnant can be either
− . In both cases a further neutron emission with L ¼ 0 can only end up on relatively high-lying states of 206 Pb since most low-lying states have positive parity and, therefore, are incompatible with the emission with L ¼ 0 from a negative-parity state.
In order to extend FLUKA to nucleus-nucleus collisions, the DPMJET-III [32, 33] code has been interfaced to cover the high (> 5A GeV) energy range, and an extensively modified version of the RQMD-2.4 code [34, 35] is used at lower energies. DPMJET-III is a Monte Carlo model for sampling hadron-hadron, hadron-nucleus and nucleus-nucleus collisions at accelerator and cosmic ray energies (E lab from 5-10A GeV up to 10 9 -10 11 A GeV). It is implemented in FLUKA as an event generator to simulate nucleus-nucleus interactions exclusively. DPMJET-III, as well as the FLUKA high energy hadron-nucleus generator, is based on the dual parton model in connection with the Glauber formalism. DPMJET-III manages the fast stage of nuclear collisions: the code computes the mass, charge, and excitation of the residual prefragment nucleus. The following deexcitation and evaporation of the excited residual nuclei, and the generation of the final fragments, are performed by calling the FLUKA evaporation, fission, and fragmentation modules [23, 24, 30] , including the developments and improvements described above. A description of this procedure applied to the predecessor of the DPMJET-III code can be found in [30, 31] .
III. ELECTROMAGNETIC DISSOCIATION OF HEAVY IONS
A. Electromagnetic dissociation of relativistic heavy ions
One or both colliding nuclei can breakup in the highintensity electromagnetic fields involved in ultraperipheral collisions without direct overlap of nuclear densities, at b > R 1 þ R 2 . At relativistic energies the Lorentzcontracted Coulomb fields of colliding nuclei can be represented as swarms of virtual photons, as suggested by the Weizsäcker-Williams method [36] . Absorption of equivalent photons by a nucleus leads to its excitation followed by various de-excitation processes via emission of neutrons, protons, mesons and even light nuclear fragments. Such photonuclear reactions are given the collective name electromagnetic dissociation of nuclei. The majority of theoretical work in studies of the electromagnetic dissociation has been done in the framework of the Weizsäcker-Williams approximation (WWA), see e.g., [7, 8, 37] . The uncertainty of the approximation is discussed in a recent review [9] and is considered as satisfactory with regard to the present status of its experimental verification. Our interest in EMD processes is dictated by the fact that in the LHC ion beam nuclear remnants close in mass and charge to initial ions are mostly created by electromagnetic dissociation of heavy lead nuclei. Moreover, an appreciable number of light fragments with a momentum-to-charge ratio close to that of the main circulating beam are also produced in EMD.
The FLUKA model employs its internal nuclear interaction generator, PEANUT, in order to describe photonuclear reactions induced by both real and virtual photons. The model is described in Refs. [28, 38, 39] . Electromagnetic dissociation has been implemented in this framework. This involves an equivalent photon spectrum nðωÞ and the cross sections for the (quasireal) photon-nuclear reactions σ γ ðωÞ, where ω is the virtual photon energy. The latter cross sections are considered to be induced by the single (equivalent) photon absorption process:
The standard approach developed for the evaluation of the one-photon cross section σ EMD involves consideration of the equivalent photon spectrum nðωÞ corresponding to the projectile nuclei. The target nucleus is considered to be at rest. According to the concept of equivalent photons, the cross section factorizes into nðωÞ and the cross section for the γA interaction σ γ ðωÞ:
where the integration limits are determined as follows:
and
where E thr is the threshold energy of the single nucleon emission due to the EMD reaction, R A is the charge radius of the projectile nucleus which is approximated as 1.2 · A 1=3 fm, and γ is the relativistic Lorentz factor. The equivalent photon spectrum in the leading logarithmic approximation is given by [8] 
Here α is the fine structure constant and Z is the atomic number of the projectile nucleus. The physics underlying processes responsible for electromagnetic excitation of nuclei is commonly described as follows. When a nucleus absorbs one or two virtual photons with energy ω in the GDR region, 6 ≤ ω ≤ 30 MeV, the nucleus is supposed to be in a two particle, one hole (2p-1 h), exciton configuration as customarily adopted in the theory of preequilibrium reactions [40] . Preequilibrium emission of protons and neutrons is possible: it is particularly relevant for light nuclei where the GDR cross section peaks at higher energies. After thermalization, the nuclear deexcitation proceeds through evaporation, fission, or, for light nuclei, Fermi breakup and it is completely determined by the residual nucleus A, Z, and excitation energy E ⋆ . Since a lead nucleus has a high fission threshold, its GDR deexcitation proceeds mainly through the evaporation of neutrons with separation energies only around 7-8 MeV. Because of a high Coulomb barrier, proton emission is less relevant but still possible in the GDR region. The quasideuteron process, γ þ ðnpÞ → n þ p, becomes important at ω ≥ 40 MeV and makes possible the emission of protons along with neutrons. Above the single-pion production threshold at ω ¼ 140 MeV the photoabsorption on a single nucleon is possible via the γN → πN reaction, mainly by Δ resonance excitation. Finally, multiple pion production comes into play above the Δ-resonance region.
The excitation energy E ⋆ transferred to a nucleus by virtual photons is much lower on average than that transferred in hadronic reactions. Therefore, the proton preequilibrium emission and evaporation channels are the main contributors to the mechanism changing the projectile charge state in ultraperipheral collisions. In the following we investigate single electromagnetic dissociation process where dissociation takes place at least for one of the nuclei in beam-beam collisions. Mutual electromagnetic dissociation cross section for reactions on a fixed target is known to be small compared to the total cross section of the single EMD [41] . Its contribution of about 1% is well below the experimental errors and smaller than theoretical uncertainties in the treatment of the single EMD. Therefore, only single electromagnetic dissociation is considered in the present study.
In simulating EMD the FLUKA model starts from elementary photon-nucleon and photon-nucleus cross sections internally computed. It includes four different regimes for the photon-nucleus interactions: GDR, quasideuteron, resonance (mostly Delta), and high energy described through the vector meson dominance model.
According to this concept, all known physical processes responsible for electromagnetic excitation of nuclei beginning from the threshold of the photoneutron production reaction in the GDR region up to the LHC energies are considered to contribute to σ γ ðωÞ. The photonuclear cross sections in the GDR region have been evaluated from experimental data whenever possible, and are stored in a database isotope by isotope. For the other processes they are internally computed.
Such an approach can render the simulation procedure very time consuming if one employs numerical integration which folds together the appropriate equivalent photon spectrum nðωÞ and the cross sections σ γ ðωÞ. This is particularly true of the GDR region, the most important one for EMD, where cross sections can exhibit significant structure. To avoid this problem, an analytical integration procedure has been developed for the EMD implementation into the FLUKA models. For each target isotope, the photon energy range is divided into several intervals, and the behavior of σ γ ðωÞ is approximated with Bezier curves, which in turn allow for an analytical integration of the folding integral. It should be emphasized that this algorithm allows fast automatic fit of the input data and thus fast upgrade of the cross section database for hundreds of nuclides. The fit is performed without increasing the uncertainty of the measured photonuclear cross sections. Specifically, systematic uncertainties introduced by the fit are substantially lower than typical discrepancies between data on photonuclear reactions from different groups.
Once an electromagnetic dissociation event is selected, the model samples the virtual photon energy and minimum photon virtuality q 2 which is kinematically allowed. The equivalent real photon energy E γ which would correspond to the same nuclear excitation is used for evaluating the cross section. The final state is generated taking fully into account the virtuality of the photon, so that energy and momentum conservation are fulfilled exactly.
B. Electromagnetic dissociation of nonrelativistic heavy ions
Cosmic rays provide a rich source of high energy ions bombarding spaceships and space probes. A substantial fraction of cosmic ray spectra is in the intermediate energy range with typical Lorentz γ factors ∼1.1-2.0. At nonrelativistic energies Coulomb excitation can also be expressed in terms of equivalent photon numbers. Contrary to the relativistic case, in this event the field of quasireal photons contains all multipolarities with the same weight. The photonuclear cross section is then a sum of the contributions from all multipolarities, although only a few contribute in most processes [42] .
A detailed comparison between relativistic and nonrelativistic calculations of the equivalent photon spectra for the electromagnetic interaction of intermediate-energy nuclei has been performed in Ref. [43] . The approach involves a semiclassical calculation with relativistically corrected trajectories in peripheral collisions which included both electric and magnetic excitations (multipoles) and their dependence on the impact parameter b. It has been shown that at the projectile energies of ∼0.1A GeV neither nonrelativistic nor relativistic approach could reproduce correct values of the cross section evaluated by taking into account both relativistic and nonrelativistic effects. The approach [43] yields the partial photonuclear absorption cross sections σ πλ γ for a given multipolarity πλ. The total photonuclear cross section is well approximated by a sum of multipolarities πλ giving the largest contribution at a given projectile energy E 0 :
In relativistic collisions, the number of equivalent photons n πλ ðE 0 ; ω; bÞ per unit area d 2 b ¼ 2πbdb involving three dominant multipolarities E1, E2 and M1 is given by
where K 0 and K 1 are the modified Bessel functions of the second kind of the argument ξðbÞ = ωb=γv, and v is the ion velocity. These equations have been used in Ref. [43] 16 O nucleus incident with energy 0.1A GeV on a lead target. In this energy range, the virtual photon spectrum due to E2 transition [Eq. (9)] dominates over the M1 and E1 spectra. However, the cross section σ γ E1 of the photoabsorption of E1 photons on nuclei in the region of GDR is the dominant one. This is why the consideration of the contribution from E1 virtual photons is a good approximation. The integration of Eq. (8) over the impact parameter by assuming the lower limit as
where
The expressions for the number of equivalent photons (8)- (11) can be used to describe photon spectra in intermediate (nonrelativistic) energy collisions if they are modified as suggested in Ref. [44] . It has been found that the photon spectra nðE 0 ; ω; bÞ of multipolarities M1, E1 and E2 evaluated in the nonrelativistic approach in a certain energy range, namely below E 0 < 200A MeV, had the same shape as those obtained in relativistic calculations, and thus could be matched by the rescaling of the impact parameter in the following way:
where a 0 is half the distance of the closest approach in a head-on collision in nonrelativistic kinematics defined as
The suggested approximation has been shown to yield photon spectra very close to those obtained by general expressions valid for all energies [43] . Namely, it has been found that at E 0 ≈ 0.5A GeV the relativistic approach with rescaling only slightly overestimates the photon number evaluated by the general expressions but the deviation reaches ∼20% at E 0 ¼ 0.08A GeV, which can be considered as acceptable.
The quality of description of EMD processes in the region of low energies can be demonstrated by comparing calculations with experiments on one and two neutron separation performed with 1-2A GeV ions reported in Refs. [45, 46] . The results of the comparison are shown in Table I . An overall agreement is good with the exception of a few cases in the 1n channel where the difference between the calculation and data is larger than 2 standard deviations. However, similar discrepancy between data and theoretical calculations based on WWA have been reported in Refs. [46] [47] [48] . The results in Table I indicate that the agreement with data from the 1n channel improves for ions starting from A ¼ 40 but breaks down for the 0.96A GeV uranium beam. No reasonable explanation of the discrepancy in the latter case has been proposed [46] .
IV. RESULTS OF CALCULATIONS AND COMPARISON TO EXPERIMENTAL DATA
A. Electromagnetic and nuclear cross sections for nucleus-nucleus collisions
Results of calculations for relativistic lead and gold ions can be confronted with available experimental data. We discuss first fragmentation of accelerated lead ions with Lorentz factors from γ ¼ 30 to 2 × 10 7 . This covers the range of energies from fixed target experiments at the CERN SPS to beam-beam collisions at the LHC collider. In the rest frame of one of the nuclei colliding at the LHC projected 7 . This is the region in which the total and a few partial EMD cross sections by far exceed the total nuclear cross section of Pb-Pb interaction. The results of simulations obtained with FLUKA for the total EMD cross section, partial EMD cross sections corresponding to emission of one and two neutrons (1nx and 2nx, respectively) , and for the total nuclear cross section are displayed in Fig. 1 .
In Pb-Pb collisions at LHC energies, another process, the bound-free pair production [52] has a cross section comparable to that of EMD [5, 53, 54] ; we do not discuss the calculation of that cross section here. Taken together, the sum of these cross sections determines the luminosity lifetime of the beam.
We
provides from 75% to 50% of the total EMD cross section, as predicted by the model, see Fig. 1 . This is a consequence of the dominance of GDR excitation and its decay via 1n emission.
Although the 1nx channel is dominant, the contribution from 2nx emission is considered as an important feature of the model. Therefore, we have compared the results from FLUKA with available data for the ratio of EMD cross sections corresponding to the emission of two and one neutrons in Fig. 2 . The agreement with the data should be considered as reasonable. Further research is likely required for better understanding of the uncertainties of the ratio under study.
B. Neutron emission cross sections
As found in Ref. [19] , the measured 1nx and 2nx emission cross sections for 30A GeV Pb on Al, Cu, Sn and Pb reveal a quadratic dependence on target charge Z t . In this experiment neutrons were measured in a very forward cone restricted by the transverse momentum P t ¼ 0.15 GeV=c. Neutrons produced in hadronic nucleus-nucleus collisions are expected to have a wider P t distribution with average hP t i∼ 0.2-0.4 GeV=c. Therefore, one can suggest that the measured cross sections [19] can be considered as cross sections of EMD processes only. The data of Ref. [19] are plotted in Fig. 3 to be compared with FLUKA results for 1nx and 2nx channels of the EMD cross sections and with a sum of two channels. Results from the ALICE collaboration [22] for the total EMD and nuclear cross sections are shown by the full circle and full box, respectively. The measurements for 1n and 2n channels are shown by open circles [19] and full triangles [22] . for the collisions of gold ions (upper curve) and lead ions (lower curve). Experimental data from the fixed target experiments [47, 51] are shown with diamonds. The data from the RHIC experiments Phobos, Brahms and Phenix are displayed with the filled point, open square and filled triangle, respectively [55] . The filled square corresponds to the results from the ALICE [22] collaboration at the CERN LHC.
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We find a good agreement between FLUKA EMD results and experiment both for the sum of cross sections for 1nx and 2nx channels and for cross sections in each channel separately. Systematic uncertainties in the FLUKA simulation (not shown in Fig. 3 ) include systematic errors in experimental total photoneutron cross sections and theoretical errors of consideration of the reaction channels. Experimental errors are mainly due to inconsistencies in 1n and and 2n photoneutron cross sections measured in different laboratories. The problem has been discussed in Refs. [56, 57] which include some prescriptions to rescale the original photoneutron data. We estimate ∼25% as a typical calculational uncertainty for less prominent 2nx, 3nx and higher multiplicity EMD channels.
C. Charge-changing heavy-ion interactions
The EMD reactions induced by the lead ions on medium and heavy nuclear targets have a significant probability to proceed with changing the projectile charge. The contribution of these events to the total cross section in Pb-Pb interaction at the LHC reaches about 50% according to the results at the largest values of γ displayed in Fig. 1 . In what follows, we test the model under consideration by using data on charge-changing interactions of ions [16] [17] [18] .
The total charge-changing cross section σ cc is defined as the cross section of the process where the charge of the projectile nucleus Z p changes because of charged particle emission. As a result, a fragment with charge Z f is created, which in most cases corresponds to the negative charge difference ΔZ ¼ Z f − Z p < 0, mostly because of proton and heavier fragment emission. For the sake of completeness, EMD reactions with positive charge difference ΔZ > 0 proceeding through π − photoproduction, γn → pπ − , followed by pion escape, should be mentioned, see Ref. [58] for details. The contribution of the reactions with ΔZ > 0 to σ cc is very small compared to that with ΔZ < 0.
Charge-changing reactions were studied in an experiment performed with 158A GeV Pb ions at the CERN SPS as reported in Refs. [16, 58] . The data for σ cc are plotted in Fig. 4 as a function of target mass A t along with FLUKA results. Nuclear and electromagnetic contributions to σ cc were not separated in the experiment and the models can only be tested contributions from 1nx and 2nx channels, respectively, to the sum of 1nx and 2nx EMD cross sections. Data points are the measured cross sections of forward 1n and 2n emission in dissociation of 30A GeV Pb ions on Al, Cu, Sn and Pb targets [19] . The data of Ref. [16] and Refs. [17, 18] are shown by the full and open squares, respectively.
through the sum of such contributions, as shown in Fig. 4 . The reaction cross section σ cc for all target nuclei is fairly well described by the sum of nuclear and electromagnetic contributions evaluated with FLUKA simulation tools. To a reasonably good approximation, σ cc can be calculated as the difference between the total reaction cross section and the cross section for fragmentation with only neutron emission:
Here the reaction cross section σ nuc is evaluated in the framework of the embedded Glauber calculus for FLUKA with DPMJET-III. The models responsible for evaporation, fission, and fragmentation are the same upgraded versions used in PEANUT of those described in Refs. [23, 30, 31] . Those models are used both in the PEANUT and DPMJET-III event generators in order to describe the deexcitation of excited nuclear fragments left over from the fast stages of the nucleus-nucleus or (virtual) photon-nucleus interactions.
The hadronic contribution to σ cc is obtained by subtracting a small part, about (0.47-0.63) b, of mostly peripheral reactions that do not change the charge state (ΔZ ¼ 0) from the total hadronic cross section of ∼ð2.0-7.4Þ b, depending on the target mass. On the contrary, the (ΔZ ¼ 0) reactions constitute a major part (∼85%-90%) of the total EMD cross sections at 158A GeV. This is explained by the dominant contribution of GDR excitation followed by subsequent neutron emission.
We observe good agreement between the simulation with FLUKA and the data obtained on H, C, Al, Cu and Pb targets. FLUKA somewhat overestimates σ cc for Sn and Au targets.
A detailed comparison between data on charge-changing interactions of 158A GeV 208 Pb projectiles with nuclear targets and calculations in the framework of FLUKA model is given in Fig. 5 . There, the cross sections σðZÞ of the production of nuclear fragments in the charge state Z are shown. Cross sections of the production of heavy fragments are displayed in zoom mode in Fig. 6 . Additionally, data obtained in the charge pickup reactions are shown for Z ¼ 83. In all cases a fair agreement between FLUKA simulation and experiments is observed demonstrating once again the importance of EMD processes on heavy targets and for heavy projectiles. The total cross sections for electromagnetic dissociation and hadronic fragmentation of 208 Pb ions on fixed targets at the LHC injection energy of 177.4A GeV and the energy of 106.4A GeV which is used in the studies of collimation hardware at the CERN SPS [20] are given in Table II 28 Si, proposed for crystal-assisted collimation [59] , and 208 Pb. Hadronic nuclear fragmentation dominates in Pb interaction with the residual gas nuclei. The sum of σ EMD and σ nuc is also given for each target nucleus.
The total cross sections for electromagnetic dissociation and hadronic fragmentation of 208 Pb ions on fixed targets at the LHC collision energies of 1.58 and 2.75A TeV which correspond to the LHC beam energy 3.5 TeV per charge in the years 2010-2011 and to the full LHC energy of 7 TeV per charge, respectively, are given in Table III . As is apparent from the latter table, the electromagnetic contribution to the beam fragmentation becomes important for nuclei heavier than Al, and cannot be neglected in the total cross section. Moreover, it becomes dominant on fixed W and Pb targets which makes it a factor 10 larger than σ nuc even at the first stage of the LHC ion beam energy of 1.58A TeV. The evaluated cross sections can be used to estimate the total interaction probability of lead ions with various materials at full LHC energy of 2.75A TeV. The influence of atomic screening has been neglected in these calculations. If taken into account, the total cross sections are expected to decrease by 7% and 12% for copper and tungsten targets (once considered as optional materials for the LHC collimation), respectively [60, 61] , at full LHC energy. The decrease is about the same order as estimated uncertainty in the total cross section. Moreover, this trend does not result in the underestimation of potential damage to the LHC equipment.
The experimental total charge-changing cross section σ cc (ΔZ < 0) of 158A GeV ions on H, C, Al, Cu, Sn, Au and Pb nuclei are evaluated in the FLUKA model within an uncertainty of about 5%. According to the results obtained in [16] , in nucleus-nucleus hadronic interactions at high energies, the contribution of ΔZ ¼ 0 channels with emission of neutrons alone is very small compared to σ cc cross section. Therefore, the total charge-changing cross section serves as a very good approximation to σ nuc . At least for reactions on H, He, Be, C, N, O, and Al target nuclei, where nuclear contribution dominates, one can claim a similar 5% uncertainty for σ nuc . Since nuclear and electromagnetic contributions to σ cc are comparable for heavy targets, it is less straightforward to estimate separately the uncertainty of calculations for each contribution.
At the LHC energies, the sum of 1n and 2n channels in electromagnetic dissociation of lead nuclei is more than 50 percent of σ EMD . According to the results obtained in Sec. IV B, the EMD cross section at lower energies for the nuclei under consideration is well described as a sum of 1n and 2n channels. Therefore, one can estimate an uncertainty of about 5% for σ EMD at the energies of the LHC collider.
The cross sections listed in Table III are visualized in Fig. 7 . We estimate the contribution of the cross sections for electromagnetic dissociation on target electrons to the total cross section to be of the order of~1-2% which is well within calculation uncertainties of σ EMD and σ nuc and can 
B. Beam-beam interaction at the LHC
The total cross sections for the reactions induced by beambeam collisions at the LHC are listed in Tables IV and V for collision energies of 1.38A TeV and 2.75A TeV, respectively, separately for electromagnetic dissociation and nuclear interactions. The results shown in Table IV are in a good agreement with both calculations based on the RELDIS model and recent LHC data reported by the ALICE Collaboration [22] . The cross sections σ EMD from Refs. [7, 11, 62] listed in Table V are in a good agreement with the result obtained within the approach under discussion.
We estimate the uncertainty of the integration procedure in calculating σ EMD via a convolution of the total photonuclear cross section and equivalent photon spectrum at the level of ∼5%. The dominant contribution to the latter number is due to experimental uncertainties in total photonuclear cross sections [63] . Also, one notes that the results of four different calculations of σ EMD shown in Table V are in agreement within 3%.
C. Mass, charge and momentum distributions of the fragments produced in peripheral collisions of LHC lead ions
Nuclear fragmentation and electromagnetic dissociation of ions which occur in the LHC collimation system produce fragments close in mass and charge to beam ions. The fragments have similar magnetic rigidity and, therefore, remain close to the beam trajectory in the LHC ring for a long distance from the interaction point. This is primarily true for fragments created in electromagnetic dissociation of beam ions. It is a purpose of the LHC collimation system to remove such fragments prior to unwanted interactions with accelerator components.
We have simulated the mass, charge and momentum distributions of beam fragments. The excitation of the giant dipole resonance in a lead nucleus dominates the electromagnetic dissociation induced by soft photons. The GDR decay process is followed mostly by neutron evaporation, resulting in a single heavy residual nucleus. Photonuclear reactions induced by more energetic virtual photons on a Pb nucleus occur with lower probability and the emission of a single heavy nucleus dominates in the exit channel after knock-out of intranuclear nucleons or meson photoproduction. Additionally, other less frequent reactions may occur producing light nuclear fragments-2 H, 3 H, 3 He, 4 He and others. The latter, as corroborated by the simulation, have a considerable probability to stay in the LHC ion beam and, therefore, have to be taken into account in the studies involving ion beam passage. Furthermore, EMD reactions induced by beam-beam interactions at the LHC may Each simulation run of FLUKA involved 10 6 electromagnetic dissociation events produced in kinematic conditions corresponding to the LHC lead ion beam interaction with graphite used for the collimator jaws and tungsten. As it is found from simulation, nearly 50% of ions have magnetic rigidity differing by less than 0.5% from that of initial 208 Pb ions. The cross sections for production of fragments as a function of a normalized mass-to-charge ratio are shown in Fig. 8 . In addition to small changes of the rigidity A=Z for the produced fragments, the simulations demonstrate a decrease of the order of 1 GeV=c in the fragment longitudinal momentum caused by stopping due to absorption of virtual photons involved in EMD reactions. Even if the typical recoil momentum of the fragment is below 100 MeV=c in the rest frame of the circulating lead ion beam the Lorentz boost to the laboratory frame changes the fragment momentum by a value up to a few GeV=c. As a result, the simulations demonstrate characteristic Gaussianlike distributions for the fragment rigidity in terms of the momentum-to-charge ratio. Two examples representing the result of lead beam interactions on carbon and tungsten targets are displayed in Figs. 9 and 10, respectively. One finds that even light nuclear fragments, although with a low probability, can stay in the circulating beam by satisfying the condition ðP=ZÞ=ðP 0 =Z 0 Þ = 1, where P 0 ; Z 0 and P; Z denote the momentum and the charge of the main beam and those of nuclear fragments, respectively. The longitudinal momentum P l of the fragment produced in beam-beam collisions at the LHC can also be lower than that of the beam ion, whereas a small number of fragments stay in the circulating beam with a higher momentum. The latter can occur due to multiple particle photoproduction in which the recoil momentum of the fragment is opposite to the direction of the photon. The resulting beam momentum profile is shown in Fig. 11 .
The distribution of the heaviest fragment produced in the electromagnetic dissociation as a function of the transverse momentum P t is shown in Fig. 12 . The distribution reflects directly the P t distribution of fragments in the rest frame of the initial nucleus. The main peak at low P t originates from 1n and 2n emission events. However, larger P t values correspond to reactions with more energetic photons above the GDR resonance leading to a long tail in P t distribution seen in Fig. 12 .
VI. CONCLUSIONS
We have developed a framework for fast and accurate simulation of hadronic fragmentation and electromagnetic dissociation of ultrarelativistic heavy ions that is now used as a basis for modeling heavy ion beam losses at the LHC collider at CERN. The simulation tools are based on a twocomponent dual parton model DPMJET-III, in the case of hadronic fragmentation and on the FLUKA EMD model in the event of electromagnetic dissociation of nuclei. Its validity has been verified by comparing results of the simulation with available data. Predictions of the yields of nuclear fragments close in mass and charge to initial beam ions are obtained.
The modeling of heavy-ion collimation processes in the LHC [4, 20] has been realized without the simulation of EMD reactions described in the present paper. It proved to be quite successful in reproducing observed loss patterns in the SPS and LHC but is known to be incomplete in a number of respects. Among these, the selection of fragments emerging from the collimator jaws is incomplete (cuts on the mass and changes in rigidity are imposed so that very light fragments, for example, are ignored), transverse recoils are not completely modeled and the tracking through the accelerator optics is oversimplified. The tools provided here will allow some of these restrictions to be lifted and afford the potential to build more precise simulations that should lead to more accurate predictions.
More in general, the models described in this paper can be applied whenever the electromagnetic dissociation of nuclei at energies above a few hundreds of A MeV is of concern.
